A novel source of transcription has been detected in the replication region of plasmid R6K by using fusions involving the galK reporter gene. The -35 and -10 consensus RNA polymerase binding sites were identified in the region overlapping the binding sites for the R6K-encoded replication protein -w. Transcription from this promoter, designated P2, is repressed in vivo by w-protein levels that are inhibitory for replication.
for a functional 1-replicon and that the expression of the bis gene is dependent upon a functional rr protein being synthesized in cis (18) . The conclusion is based on the finding that defective 13-replicons with mutations in the bis gene are complemented in trans only by a fragment expressing both thepir and the bis genes. In addition, in-frame insertions into the pir gene that produce an inactive Ir protein block the expression of a Bis-1-galactosidase fusion protein downstream (18) .
Thus, it is possible that the requirement for structural integrity mentioned above reflects an inability of those constructs to produce Bis protein. Alternatively, or in addition, insertions and deletions in a 1-replicon may alter the properties of transcripts formed throughout the origin. To investigate this possibility, various promoter-probe vectors were used to detect the origin(s) of transcription in the replication region of R6K. Two promoter sequences have been localized upstream of the pir-bis operon (21, 23, 24) . The putative -35 and -10 sequences for RNA polymerase binding (P1 in Fig. 1B) were discovered in an approximately 400-bp minimal -y-origin segment (24) . The ability of E. coli RNA polymerase to bind to the segment between coordinates 45 and 89 was confirmed by the DNase I protection assay (2) . Subsequent experiments that involved different segments of the y-origin cloned upstream of the chloramphenicol acetyltransferase reporter gene demonstrated the expression of chloramphenicol acetyltransferase when the R6K sequence containing this P1 consensus promoter sequence (coordinates 0 to 277) was present upstream (22) . The second promoter (P3 in Fig. 1D ) has been characterized in detail by DNase I, S1 nuclease protection, and in vitro transcription analysis, and it has been shown to be responsible for the transcription of the pir gene and subject to repression by I protein (4, 12) . The ability of IT protein to interact with the operator of the pir gene appears to be the underlying mechanism for the autoregulation of ITr-protein synthesis. In this paper, we characterize another promoter, P2, located upstream of the coding segment of the pir-bis operon (Fig. 1C) . The (24) The recognition sequences for IHF (3) and DnaA protein (27) 
RESULTS
Isolation of mutants in the putative promoter sequence in the -y-origin. Synthetic oligonucleotides were produced to carry out mutational analysis of the P1 promoter sequence. Since the T at coordinate 79 is the most conserved base in the consensus -10 sequence of E. coli promoters (10), it was expected that either of two synthetically made mutations (Fig. 1B) , P1-119 (T--+G transversion) or P1-121 (T--+A transversion), would result in a substantial reduction of activity or would inactivate the promoter. Surprisingly, however, when the HindIII-BglII fragment containing either of the mutations was cloned upstream of the galK gene of the vector pKO4 (16) the galactokinase activity of strain N100 harboring these constructs (pAG169.19 and pAG169.21, respectively) was comparable to that of an isogenic control containing the wt HindIII-BglII fragment (Table 2) .
Genetic analysis reveals that the active promoter sequence lies to the right of an AT-rich region in the y-origin. The undetectable effect of either transversion introduced into the -10 sequence of P1 on the transcription starting within the -y-origin suggested that either the P1 promoter could function with one of the most conserved bases mutated or the transcription emanating from the 227-bp HindIII-BglII fragment originated from a site located elsewhere on the fragment. To assess the likelihood of these two alternatives, a computer analysis of the y-origin sequence (see Materials and Methods) was carried out. It revealed a second match with the consensus RNA polymerase binding site, termed P2, located in the region overlapping the sixth and the seventh repeats (Fig. 1C) . Thus, it seemed possible that the transcription in this region starts from the other end of the repeat cluster.
To physically separate P1 from P2, we took advantage of a HindIII site in the second repeat of a mutant from -y167 of the -y-origin produced by bisulfite mutagenesis (16 (17) to generate the plasmids designated pAG172 and pPM5, respectively (Fig. 1A) . Measurement of galactokinase activity in the tester strain N100 harboring these clones (Table 2 ) revealed the inability of the fragment containing the P1 sequence to express the enzyme. On the other hand, N100 containing pPM5 produced the enzyme at a level somewhat higher than that observed in the control plasmid containing the entire -y-origin sequence (pAG169). These data indicated that the transcriptional activity stemming from the -y-origin sequence originated from P2 alone. To compare the activity of P2 with that of the pir gene promoter P3, a 1,594-bp BglII fragment downstream of the y-origin (coordinates 277 to 1871) was cloned into the vector pKO4 to generate pPM52 (Fig. 1A ) (18) . The overall galactokinase activity produced by this plasmid was approximately 10-fold higher ( Mutational analysis of the P2 promoter. To obtain independent confirmation of whether the P2 promoter is solely responsible for transcriptional activity from the y-origin, the following approach was undertaken. A pool of sodium bisulfite-treated fragments (see Materials and Methods) was cloned upstream of a promoterless galactokinase gene (galK) in the promoter-probe vector pK04, and then E. coli N100 was transformed. Transformants were then screened on MacConkey-galactose plates to identify white colonies indicative of a promoter-defective phenotype for the 277-bp fragment. Several of these isolated clones were subjected to the dideoxy method of DNA sequencing (20) . Among them, two clones with very few nucleotide changes were selected for further analysis. One of these clones carried a single C--T nucleotide change (P2-201; Fig. 1C other clones with the promoter-defective phenotype contained multiple base substitutions, and in each case one of the mutations was identical to the P2-203 mutation described above (data not shown).
The pAG169 ( Table 2 . Mutations P1-119 and P1-121 in the P1 sequence did not cause any detectable change in the overall transcriptional activity originating from the HindIII-BglII fragment, as expected. However, mutations P2-201 and P2-203 in the P2 sequence reduced the transcriptional activity to 4 and 9%, respectively, of wt. Since the promoter activity was measured in each case from a fragment that carries both the P1 and the P2 sequences, these results confirmed that the P2 sequence alone was responsible for most or all of the promoter activity in the y-origin region.
Mutations in P2 affect the copy number of the 13-replicon.
The copy number of the pAG169 derivatives containing the mutations in the P2 promoter can be estimated for the DNA polymerase I-deficient (poLAl) strain C2110. In the polAl strain, the replication origin of the vector pKO4 (pBR322 origin) is inactive and the R6K y-origin is active as long as a helper plasmid producing ir is present in trans (6) . DNA hybridization analysis of lysates of strain C2110 containing either pAG169, pAG169.1, or pAG169.3 revealed that neither the P2-201 nor the P2-203 mutation affects the copy number of a 400-bp y-origin replicon driven by ir protein produced by the pPR1 helper (Fig. 2) .
Next we constructed a ,B-replicon carrying mutation P2-202 or P2-203. This was accomplished by using a pBR322 derivative carrying a 277-bp HindIII-BglII fragment with either the P2-201 (pAG168. 
DISCUSSION
In the present study, we extended the analyses of Stalker et al. (24) and Shafferman and Helinski (22) to characterize the origin of transcription within the central regulatory region of plasmid R6K. We have employed both the sitespecific mutagenesis of consensus binding sites for RNA polymerase and the in vitro cloning to localize the promoter initiating transcription. Before these studies were initiated, it was assumed that the transcription detected by Shafferman and Helinski (22) from a 277-bp HindIII-BglII segment started at promoter P1 (Fig. 1B) . This promoter was deduced from the nucleotide sequence analysis by Stalker et al. (24) . Protection by purified RNA polymerase against DNase I cleavage of the origin segment that encompasses the P1 promoter (2) seemed to confirm that assumption. Surprisingly, the studies involving site-specific mutagenesis argue against a contribution by the P1 promoter to the overall transcriptional activity from the -y-origin sequence. This observation is particularly important in view of the report by Patel and Bastia (19) of transcriptional activity within the leftmost segment of the -y-origin resulting in the formation of a putative activator RNA.
The S1 nuclease protection assay performed by these authors has identified a set of related transcripts, with the largest one starting at coordinate 31 as defined by Stalker et al. (24) . The source of an RNA employed in the S1 mapping of the 5' end(s) referred to above was a strain harboring a plasmid in which the 277-bp R6K fragment was cloned into a pBR322-derived vector. Thus, the consensus -35 sequence of the promoter responsible for synthesis of an activator RNA starting at coordinate 31 would be expected to reside more than 35 nucleotides upstream of the transcriptional start point (10) and, hence, outside the cloned R6K sequence. Therefore, it is possible that a potential -10 consensus sequence TATATT (24) present 9 nucleotides upstream of the activator start site and a -35 region provided in part or entirely by the cloning vector were responsible for the synthesis of this transcript. Moreover, we were unsuccessful in finding any RNA polymerase footprint within the first 50 bp of the 277-bp HindIII-BglII fragment (2) . The role of the P1 promoter is not known, and its silent nature in vivo remains a puzzle. Interestingly, it has been demonstrated that the sequence between R6K coordinates 61 and 89 serves as a binding site for integration host factor (IHF) in vitro (3). Thus, the P1 sequence and the binding site for IHF in the AT-rich domain of origin overlap (Fig. 1B) . We have proposed that the P1 promoter may be subject to a negative control by IHF (3) . This interpretation certainly deserves experimental testing in view of the transcription studies that revealed that the P1 promoter might be functional in vitro when present on a superhelical template (9) .
Several lines of evidence in this study indicate that the main, if not the only, source of transcriptional activity from the y-origin stems from the promoter localized genetically between R6K residues 221 and 250. This conclusion is based on experiments involving the cloning of different parts of the replication region upstream of the galK reporter gene and subsequent mutational analysis of the P2 promoter. This promoter, like the pir gene promoter P3, is susceptible to repression by ff protein. This result is not surprising, since the binding sites for RNA polymerase and Ir overlap in the P2 promoter region (Fig. 1C) as they do in promoter P3 (4, 12) (Fig. 1D) .
The mutations in P1 and P2 obtained in the course of this work allowed us to test whether these promoters affect the replication of R6K derivatives containing either the -y-or the 3-origin. It is somewhat surprising that the copy number of a y-origin replicon remains virtually unaffected by any of the four promoter mutations isolated. It can be tentatively concluded that the transcriptional activity within the HindIII-BglII fragment has no noticeable effect on the activity of a -y-origin replicon. We cannot rule out the possibility, however, that extraneous vector sequences provide sufficient read-through transcription to activate the origin. Moreover, in view of the lack of available experimental data supporting the dependence of replication initiation at the ,y-origin on transcription, an alternative mode of initiation independent of RNA polymerase remains plausible. In fact, our most recent data suggest that the -y-origin might utilize more than one pathway of replication initiation (26, 27) . The -y-origin can be functionally separated into at least two domains: the core -y-origin, which is essential for replication under all conditions tested so far, and the adjacent enhancer, which is required when ir protein is provided at R6K levels.
The core y-origin is able to replicate under two conditions:
(i) when decreased levels of wt rr are supplied or (ii) when certain vr mutants are provided in trans. Thus, systematic analysis of the mutations in P2 in an isogenic background will be required to determine their effects on the replication of the core y-origin and enhancer-containing -y-replicon with the pir gene present in cis.
In this study, we have taken advantage of the dispensability of the DNA enhancer any other sequences to the left of the HindII site (coordinate +1) for activity of the p-origin to produce a set of extended replicons containing mutations in either P1 or P2. Examining their replication, we found that the mutations in the P2 cause a decrease in the copy number of respective P-origin replicons. The mutations affecting a -35 sequence of P2 concomitantly alter the sequence composition of the sixth repeat, to which rr protein binds (7, 8) . However, both mutations studied alter either a base pair unique for the sixth repeat (24) (P2-203, Fig. 1C ) or a CG base pair (P2-201) conserved in all seven repeats, but they do not affect rr binding to the mutated site as determined by gel retardation assay (2) . It is therefore unlikely that the effect of both mutations on the copy number of a P-origin replicon is caused by an altered binding of rr to the mutated repeat.
The observed reduction in copy number of the ,B-replicon due to mutations which lower the activity of P2 is not understood and could be accomplished in a number of ways. In one hypothesis, the RNA transcribed from P2 may serve as an activator-primer for DNA replication initiating at the P-origin. Alternatively, in addition to P3, P2 may be involved in the transcription of the pir-bis operon, whose products, namely, Tr and Bis proteins, are positively required for replication from the p-origin. Therefore, a reduction in the levels of these proteins may occur due to down mutations in P2 which, in turn, may lead to a decrease in copy number of the P-replicon. The dispensability of the enhancer sequences not only for the p-origin but also, under certain circumstances, for the -y-origin (27) indicates that without analyses of the replicative intermediates of the constructs containing mutations in P2, the role of this promoter in the activity of the ry-and/or the P-origin cannot be unambiguously determined. Additional complexity in determining the role of P2 in R6K biology stems from the fact that in addition to being inhibited by wr, P2-directed transcription might be modulated by IHF and DnaA, since binding sites for these two proteins have been localized downstream (3, 27) (Fig. 1C) . Experiments testing these various scenarios and attempting to elucidate the effects of DnaA and IHF on the activity of P2 are in progress.
